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ABSTRACT  In  some  epithelia,  mucosal  exposure to osmotic  loads  produces an  increase  in 
transepithelial resistance that is presumed to relate to the collapse of the paracellular  spaces. 
Since  proximal  small  intestinal  epithelium  may transiently encounter osmotic  loads  during 
normal digestion, we examined the short-term effect of osmotic loads on resistance and on 
epithelial structure of mucosal sheets prepared from guinea pig jejunum using Ussing-chamber, 
thin-section electron-microscopic,  and freeze-fracture techniques. After equilibration of mu- 
cosal sheets in chambers,  mucosal  buffer tonicity was increased to 600 mosM with mannitol. 
This  resulted  in  a  64%  increase  in  resistance  within  20  min.  Concomitantly,  600  mosM 
produced a decrease  in tight-junction  cation  selectivity  as judged  from  dilution  potentials, 
collapse of paracellular spaces, decreased cytoplasmic electron density in 10-40% of absorp- 
tive cells, and focal absorptive-cell subjunctional lateral-membrane evaginations  often associ- 
ated  with  microfilament  arrays.  Freeze-fracture  replicas  of  absorptive-cell  tight  junctions 
revealed  significant  increases  in  both  strand  count and  depth.  Preincubation with  5 #g/ml 
cytochalasin D reduced the 600 mosM resistance increase caused by 600 mosM exposure by 
48%  but  did  not  prevent  the  collapse  of  paracellular  spaces. Lowered  temperatures  that 
produced  morphologic  evidence  consistent  with  a  gel-phase  transition  of  absorptive-cell 
lateral membranes  prevented both the resistance response and the alterations in tight-junction 
structure. In conclusion, transient osmotic loads produce an increase in resistance in jejunal 
epithelium and alter both absorptive-cell tight-junction charge selectivity and structure. These 
responses, which may have physiologic implications, can be reduced by cytoskeletal inhibitors 
and ablated by conditions that restrict mobility of absorptive-cell lateral-membrane molecules. 
Brief (20-min) exposure of the mucosal surface to hyperos- 
motic loads may elicit an increase in electrical resistance to 
passive transepithelial ionic flow in some low-resistance epi- 
thelia (1,  2). Since the vast majority of passive  ion flow in 
low-resistance epithelia occurs through the paracellular path- 
way (3),  it is presumed that these transepithelial resistance 
increments are caused by increased paracellular resistance to 
ion flow (1). Moreover, based on morphological observations, 
it has been suggested that this resistance increase may be due 
to collapse of  the epithelial intercellular spaces (1). Indeed the 
partial obliterations of intercellular spaces following exposure 
to osmotic loads is the major evidence cited to support the 
notion that the  width  of the  intercellular space influences 
transepithelial resistance (3, 4). Since the mucosal surface of 
the proximal small intestine, which is lined by a low-resistance 
epithelium, experiences transient mucosal osmotic loads dur- 
ing the process of normal digestion, we studied in vitro the 
effects of brief mucosal hyperosmotic loads on transepithelial 
electrical resistance  and  epithelial  structure  in  guinea  pig 
jejunum.  Furthermore, since  (a)  tight junctions  appear to 
contribute to the regulation of  paracellular molecular flow (5- 
10), (b) tight-junction structure often correlates with trans- 
epithelial resistance (6, 11, 12), and (c) tight junction structure 
can, under some conditions, be dramatically altered within 
minutes (l 3,  14), we analyzed structural features of absorp- 
tive-cell tight junctions in replicas of freeze-fractured mucosa 
both before and  after exposure to  mucosal  hyperosmotic 
loads.  Since the  cytoskeleton may influence tight-junction 
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junction would presumably require movement of junctional 
subunits within the plane of the lateral  membrane, we also 
studied  the  effects  of chemical  agents  that  interfere  with 
cytoskeletal function and of alterations in temperature that 
influence molecular motion in the plasma membrane on the 
osmotically induced  alteration of jejunal  transepithelial  re- 
sistance. We also used dilution potentials to assess alterations 
in tight-junction charge selectivity under conditions of mu- 
cosal osmotic loads. 
MATERIALS  AND  METHODS 
For these experiments, 12-15-cm segments of  proximal jejunum starting at the 
ligament of Treitz were obtained from 78 Hartley-strain guinea pigs (Elm Hill 
Farms, Chelmsford, MA) weighing  400-600 g. All animals were fasted overnight 
before use and were anesthetized with Nembutal.  Unless otherwise stated, all 
functional and structural observations were based on tissues from at least four 
experiments. 
Physiological Techniques:  Jejunum was rapidly removed, opened, 
washed in chilled oxygenated buffer, and cut  into 2-cm segments. After the 
serosa and external longitudinal layer of the museularis propria were stripped 
away, these subsegments were mounted in Ussing chambers equipped with two 
calomel voltage sensitive electrodes and two Ag-AgCI  curent passing electrodes. 
Electrodes were connected  to the  chamber solution  via  agar bridges. Both 
mucosal (M) and serosal (S) sides of the chamber were attached to circulating 
10-ml reservoirs driven by a gas lift column of 95% 02-5% CO2. The reservoirs 
were jacketed  with a circulating water-bath,  which  was maintained  at  37"C 
unless otherwise specified. After a 15-rain equilibration period, base-line resist- 
ance was determined.  Base-line tissue resistance was recorded as the absolute 
resistance reading minus the fluid resistance. Since 600-mosM solutions raised 
the fluid resistance of  the entire chamber by a mean of 3.96 t2- cm  2, half of this 
value (2  l).cm  2)  was subtracted  (along with  isotonic  fluid resistance) from 
resistance values recorded under conditions in which half  the chamber (mucosal 
side) contained 600-mosM solutions. The initial equilibration  was carried out 
with buffer solution  consisting of (in  millimolar):  114, NaC1; 5,  KCI; 1.65, 
Na2PO4; 0.3, NaH2PO4; 25, NaHCOa; 1.25, CaSO4; and 1.1, M$SO4 at pH 7.4. 
20 mM glucose was added to the S buffer and 20 mM mannitol was added to 
the M buffer. Hyperosmolar solutions were prepared by adjusting the osmolarity 
of the buffer solution with mannitol. 
Morphologic Techniques:  Jejunal mucosal sheets from all experi- 
ments were examined by l-#m toluidene blue-stained sections. In addition, as 
indicated  below, representative  mucosal  samples from  various experimental 
conditions  were examined  by freeze-fracture and/or electron  microscopy of 
thin sections. 
At the end of  all experiments, tissues were fixed in the chambers by gradually 
adding  1 ml of 25% glutaraldehyde to both M and S reservoirs, resulting in a 
final glutaraldehyde  concentration  of 2.5%. After 20  min,  the  tissues were 
removed from the chambers and fixed for an additional 2 h at 4°C in a solution 
of 2% formaldehyde, 2.5% glutaraldehyde, and 0.4% CaC12 in 0.1  M sodium 
cacodylate buffer (16). Tissues for freeze-fracture were embedded in 3% agar 
and  cut  into  150-pm slices with  a  Smith-Farquhar  tissue  chopper.  After 
equilibrating for 1 h in 20% glycerol in 0.1 M sodium cacodylate buffer, tissue 
slices were mounted between two gold discs, rapidly frozen in partially solidified 
Freon 22, and stored in liquid nitrogen. Specimens were fractured at a stage 
temperature  of -110*C  in a  Balzers 300  freeze-etch device, replicated with 
platinum-carbon,  cleaned  in commercial  bleach, and mounted on formvar- 
coated 200-mesh hexagonal grids. 
For quantitative  evaluation  of absorptive-cell tight-junction  structure,  21 
replicas of m ucosal sheets from four control animals and 24 replicas of  mucosal 
sheets from four experimental animals were examined. Control  replicas were 
obtained from mucosal sheets that had been mounted in Ussing chambers and 
perfused with isotonic buffer for a period of time equivalent to the total time 
the experimental sheets were in chambers. All replicated absorptive-cell tight 
junctions encountered that measured at least 1 zm in width were photographed 
at  a  screen magnification  of x  15,000. The negatives were mounted on an 
illuminated viewing box, and tight-junction structure was analyzed with a 10x 
ocular micrometer. Average depth  was determined  by measuring the distance 
between the uppermost  and lowermost strands at a point one-fourth the distance 
from the ends of  each exposed tight junction.  At the same points, P-face strands 
and  E-face furrows intersecting  the  vertically placed micrometer  bar were 
counted. A total of 168 experimental and 210 control junctions were analyzed. 
Additionally,  75  absorptive  cell tight junctions were similarly examined  in 
tissues exposed to cytochalasin  D and subsequently  to 600  mosM mucosal 
buffer. 
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After initial aldehyde fixation, tissues for conventional electron microscopy 
of thin sections were washed in 0.1  M sodium cacodylate, postfixed for 1 h in 
1% osmium tetroxide, dehydrated in a graded series of alcohols, and embedded 
in epoxy resin. Oriented villi were selected from toluidene blue-stained  1-pm 
sections. Representative thin sections were mounted on copper-mesh grids and 
stained with umnyl acetate and lead citrate. 
Replicas and thin sections were examined  and  photographed  in a Philips 
201 electron microscope. 
Hyperosmotic Loads:  To determine the time sequence and polarity 
of the  effect of osmotic  loads, we exposed mucosal  sheets to the  following 
conditions for 60 min following the  15-min equilibration period: (a) isotonic 
buffer M and S; (b) 600 mosM buffer M, isotonic buffer S; (c) isotonic buffer 
M, 600 mosM buffer S; and (d) 600 mosM buffer M and  S.  To assess the 
morphological effects of brief periods of mucosal osmotic loads, we fixed other 
mucosal sheets 10 or 20 min after exposure to either M 600 mosM or isotonic 
buffer. The effects on resistance and epithelial structure  of 450 mosM M for 
20 min were assessed and compared with the effects of 600 mosM M on sheets 
prepared  from  adjacent  tissue.  The  physiological and  structural  effects of 
reversal to isotonic M after exposure to 600 mosM M for 10 or 20 min were 
also assessed. 
Effects of Chemical  and  Physical Agents on  Osmotically 
Induced Changes in Resistance:  For these  experiments  the effect  of 
various chemical and physical agents on transeplthelial  resistance responses 
induced by 20-rain exposure to 600 mosM M, isotonic S was assessed. 
To assess the effects of inhibitors  of cytoskeletal function, we added cyto- 
chalasin B or D (Sigma Chemical Co., St. Louis, MO) to the isotonic mucosal 
solution during the  15-min equilibration  period at a dose of 5 vg/ml. When 
the mucosal solution was replaced with 600 mosM hyperosmotic solution, the 
same dose ofcytochalasin  was again added. In addition, the effects of mucosal 
exposure to two plant-derived cytokinins, zeatin (1.25 mM) and  kinetin (0.4 
raM) (Sigma Chemical Co.), which are known to affect transepithelial resistance 
in Necturus  gallbladder (15), were similarly studied.  The above agents were 
solubilized in dimethyl sulfoxide (DMSO), and the final DMSO concentration 
in  the  mucosal  bath  was always <1%,  a  concentration  which,  in  separate 
experiments,  showed  no  effect on  transepithelial  resistance.  The  effect of 
colcemid on the osmotically-induced resistance response was studied in three 
animals. Colcemid was injected 0.5 mg/kg i.p. 1.5 h before sacrifice. Jejunal 
mucosal sheets were then exposed to 600 mosM mucosal solutions for 20 min 
after the  standard  equilibration  period and the increment  in  resistance was 
compared with that of similarly exposed mucosal sheets from control animals. 
The effects of preequilibration  with mucosal and serosal cycloheximide, at a 
dose (0.5 mg/ml) that is known  to inhibit  >90% of intestinal  epithelial cell 
protein synthesis (17), on the resistance response to osmotic loading was studied. 
Lastly, the  effects on transepithelial  resistance of 600  mosM  M loads were 
studied  at  4°C,  a  temperature  below  the  phase  transition  temperature  of 
absorptive-cell basolateral membranes on the mammalian small intestine as 
determined by fluorescence polarization and differential scanning calorimetry 
(18). 
Effects of Mucosal Osmotic  Loads on Junctional Charge- 
Selectivity:  To assess charge selectivity of the paracellular shunt pathway, 
we measured dilution  potentials  in mucosal sheets exposed to 600 mosM M 
and sheets exposed to M and S isotonic buffer. After 20-rain exposure to 600 
mosM M  the  mucosal  solution  was switched to  isotonic  buffer.  After an 
additional 5 min, by which time the spontaneous electrical potential difference 
had stabilized, the Na  + and Cl- in the mucosal bath was diluted  l0 or 20% by 
removing either  I or 2 cm  3 of raucosal buffer and replacing it with an equal 
volume of water made isotonic with mannitol.  5 min later, when the potential 
difference had again stabilized, the transepithelial potential difference, in mil- 
livolts, was  read. The  result  was  expressed as  the  increment  in  potential 
difference produced by dilution. 
Comparisons between control and experimental data were made using the 
two-tailed t test. Results are expressed as the means -+ SEM. 
RESULTS 
Effects of Osmotic Loads on 
Transepithelial Resistance 
The transepithelial resistance of mucosal sheets bathed with 
isotonic M and S buffer remained relatively stable for at least 
75 min (Fig.  1). However, exposure to 600 mosM M resulted 
in a 64% increase (P <  0.001) in resistance, which peaked at 
15-20  min and returned toward base line over the next 40 
min (Fig.  I). Exposure to the same osmotic gradient but of 
reversed polarity (isotonic M, 600 mosM S) had no significant effect on resistance,  and  exposure to 600  mosM M  and  S 
resulted in a gradual decline in resistance over 60 min (Fig. 
i). 
Exposure to 450 mosM M resulted in a resistance increment 
intermediate  between  that  of isotonic  M  and  that  of 600 
mosM M (Fig. 2). Changing the mucosal solution to isotonic 
buffer after 20-min exposure to jejunal sheets to 600 or 450 
mosM M  resulted in a return in resistance toward base-line 
values within 20 min. In separate experiments it was found 
that early reversal to isotonic mucosal solutions after l0 min 
of  600 mosM M exposure prevented the subsequent resistance 
peak and resulted in a decrease in resistance toward base-line 
levels. 
Effects of Osmotic  Loads on  Epithelial Structure  : 
60-M1N  EXPOSURE:  1-~,m sections of toluidene  blue- 
stained mucosal sheets exposed to isotonic buffer showed no 
evidence of epithelial injury. Preparations exposed to M and 
S 600 mosM solutions showed extensive epithelial cell damage 
including vacuolization, marked extrusion, and focal disrup- 
tion  of the  villus epithelial  barrier.  Sheets exposed to  600 
mosM on the mucosal side only showed qualitatively similar 
but less severe damage to villus epithelial cells. Since 60-min 
exposure to mucosal osmotic loads resulted in damage to the 
epithelium with sloughing of  epithelial cells, we did not further 
study these tissues. Rather, as outlined below, we concentrated 
our studies on the 20-min period immediately following 600 
mosM mucosal exposure. Exposure to 600 mosM S, isotonic 
M showed an intact epithelial layer but l-5-um vacuoles were 
seen in the apical cytoplasm of villus absorptive cells. 
20-MIN  MUCOSAL  EXPOSURE;  Since rapid increases in 
transepithelial resistance resulted from mucosal but not ser- 
osal osmotic loads, we chose to study, in detail, preparations 
after exposure to mucosal osmotic loads. In addition,  since 
the resistance peak occurred in 20 min and prolonged in vitro 
exposure resulted in extensive epithelial damage, focal denu- 
dation, and marked cell extrusion, we chose to examine the 
effects of 20-min 600 mosM M exposure. Mucosal sheets so 
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FIGURE  I  Effects  of  hy- 
perosmotic  exposure  on 
transepithelial  resistance 
of  mucosal  sheets  pre- 
pared from  guinea pig je- 
junum.  Exposure  of  the 
mucosal  surface  only  to 
600 mosM induces a tran- 
sient rise in resistance that 
peaks in 20 rain. Exposure 
to serosal 600 mosM  only has no significant effect.  Simultaneous 
exposure of both surfaces to 600 mosM results in a gradual decrease 
in resistance. O, isotonic mucosa and serosa; O, 600 mosM mucosa, 
isotonic serosa; A, 600 mosM serosa, isotonic mucosa; A, 600 mosM 
mucosa and serosa. 
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FIGURE  2  Effects of graded mu- 
cosal  hyperosmotic exposure on 
transepithelial  resistance.  Mu- 
cosal exposure to 450 mosM mu- 
cosal  (&)  for 20  rain  results  in  a 
resistance  intermediate  between 
those  of  control  (isotonic  mu- 
cosal, O) and  600 mosM  (@) ex- 
posed sheets. 
treated displayed a characteristic appearance in l-urn sections: 
the epithelium remained intact; however, ~  10-40% of villus 
absorptive cells displayed a marked decrease in the intensity 
of cytoplasmic staining with toluidine blue and an apparent 
increase in cell volume (Fig.  3B). These cells were randomly 
scattered over the upper half of the villus and were intermixed 
with  normal-appearing villus  epithelial  cells.  The  luminal 
border of the epithelium also became markedly scalloped in 
the upper half to two-thirds of  the villi. It must be emphasized 
that, as shown in Fig.  3 B, only epithelial cells on the villus 
(absorptive cells) displayed these structural alterations.  The 
minor population  of goblet cells on  the  villus was  not  so 
affected. 
Electron microscopy of thin sections demonstrated that the 
clear cells seen in  1-/zm sections represented absorptive cells 
with  decreased  cytoplasmic density,  slightly  convex apical 
surfaces, and multiple cytoplasmic vesicles measuring 0. l ~m 
in diameter (Fig. 4).  Occasionally, these absorptive cells had 
subjunctional evaginations of the lateral membrane that were 
often associated with arrays of microfilaments and were de- 
void of cytoplasmic organelles (Figs. 5 and 6). The remaining 
absorptive cells had denser cytoplasmic staining but consist- 
ently demonstrated multiple 0.1-~m membrane-bounded ves- 
icles within the terminal web (Fig. 5). Frequently, absorptive- 
cell apical membranes at sites adjacent to tight junctions lost 
their microvilli and became smooth and convex (Fig. 6). This 
finding was noted both at "clear" cell to "normal" cell and 
normal cell to normal cell junctions. Lastly, the paracellular 
spaces of tissues exposed mucosally to 600  msoM solutions 
showed close apposition of the lateral membranes of adjacent 
epithelial cells both in the crypt and on the villus.  Occasion- 
ally, however, particularly in the area ofinterdigitations, focal 
dilitation  of this  space was noted  (Fig.  4).  Mucosal  sheets 
exposed for 20 rain to 450 mosM mucosal loads demonstrated 
qualitatively  similar  but  much  less  pronounced  structural 
changes.  Structural  alterations  similar  to  those  described 
above were not present in  sheets exposed only to  isotonic 
solutions when assessed by light (Fig. 3A) or electron micros- 
copy. In addition, control sheets showed extensive variation 
in the width of the paracellular space. Reversal of mucosal 
solutions to isotonic buffer for 20  min after the  period of 
exposure to  M  600  mosM  resulted  in  a  loss of the  above 
structural alterations. However, such tissues showed extrusion 
of many absorptive cells from the mucosal surface (Fig. 3 D). 
Similar reversal experiments after mucosal exposure to 450 
mosM solutions for 20  min also demonstrated loss of the 
above osmotically  induced  structural  alterations  but  these 
sheets showed little evidence of epithelial sloughing. 
Freeze-fracture  analysis  of  absorptive-cell  tight-junction 
structure revealed increases in both strand count (5.3  to 6.3, 
P <  0.005) and depth (266 to 303  nm, P <  0.005) in tissues 
exposed to 600 mosM vs. controls (Table I). Expressing the 
data  as  histograms  (Figs.  7  and  8)  we  showed  that  these 
increases were not due to a uniform shift in these structural 
parameters. Rather, these increases were due to the introduc- 
tion of a new subpopulation of tight junctions consisting of 
focal deep multistranded areas (Fig.  9,  B and  C).  Many of 
these foci occurred at sites with sparse microvilli and apical 
membrane convexity (Fig. 9 C). Thus, these regions of junc- 
tional proliferations may, in part, correspond to the parajunc- 
tional  apical  membrane convexities  seen  in  thin  sections. 
Another characteristic feature of these proliferated junctional 
areas was their association with sharp curves of the lateral 
membrane, which may correspond to the lateral membrane 
MADARA  Changes in Intestinal Resistance and Junctions  1 2 7 FIGURE 3  Light micrograph  of jejunal mucosal sheets after exposure to in vitro manipulations.  (A) Control sheet exposed  to 
isotonic Ringer's for 20 min after the initial 15-min equilibration period. Normal mucosal architecture is retained. (B) Jejunal sheet 
exposed to 20-rain mucosal 600 mosM buffer after initial 15-min equilibration period with isotonic Ringer's. The villus surface is 
scalloped and 10-40% of villus absorptive cells display marked cytoplasmic  lucency (arrowheads). (C) Jejunal sheet treated as in 
B but  exposed during the equilibration period to  5  /~g/ml  mucosal  cytochalasin  D.  The morphological appearance  of this 
epithelium is identical to that shown in B. (D) Jejunal sheet exposed as in B with subsequent reversal to mucosal isotonic buffer 
for 20 min. Absorptive cells with lucent cytoplasm are no longer apparent; however, several villus epithelial cells appear to have 
been extruded (arrowheads) into the lumen. All are approximately x  200. 
evaginations seen in  thin  section  (Figs.  5  and  6).  Indeed a 
substantial  number  of junctional  areas  that  could  not  be 
quantitated,  for technical reasons (focal replica collapse; in- 
appropriate shadow angle), appeared to be deep and multi- 
stranded. Such technical problems might be expected to occur 
with greater frequency in areas of sharp membrane curvature. 
Freeze-fracture replicas prepared from tissues exposed to cy- 
tochalasin D and subsequently to 600 mosM mucosal buffer 
for 20 min showed rare foci of tight junctions that appeared 
somewhat expanded  in  depth  and  strand  count  and  were 
associated with minimal ballooning of the perijunctional ap- 
ical  membrane.  However,  in  contrast  with  the  more  fre- 
quently  encountered  expanded  tight junctions  in  epithelia 
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exposed to 600 mosM in the absence ofcytochalasin D (Figs. 
7 and 8), none of the measurements of  tight-junction structure 
in these tissues showed strand counts exceeding 9 or depths 
exceeding 650 nm. 
Effects of Chemical and Physical  Agents of 
Osmotically Induced Resistance Changes 
Pre-incubation for 15 min with 5 #g/ml cytochalasin D  in 
the  mucosal  reservoir  reduced  the  subsequent  600  mosM 
induced  resistance  increase  by  48%  (P  <  0.02)  (Fig.  10). 
However, the  light (Fig.  3 C)  and  electron  microscopic ap- 
pearances of these mucosal sheets were not appreciably dif- FIGURE 5  Electron  micrograph  of absorptive cells from  mucosal 
sheets  exposed to  600  mosM  mucosal  buffer  for  20  min.  The 
cytoplasm  of lucent cells is filled with many membrane-bounded 
vesicles. In addition, similar vesicles are noted in the region of the 
terminal web of the adjacent nonlucent cell (asterisk). Subjunctional 
evaginations (small arrowheads) free of organelles were often found 
in mucosal 600 mosM exposed sheets and frequently had associ- 
ated dense plaques of microfilaments (large arrowhead), x  9,200. 
FIGURE 4  Electron micrograph  of villus absorptive cells from mu- 
cosal sheet  exposed for 20  min  in  vitro to  600  mosM  mucosal 
buffer.  The epithelial cell with the electron-lucent cytoplasm  seen 
on the right corresponds with the clear cells seen by light micros- 
copy. Such cells are randomly  scattered among  others which display 
a  more  normal appearance such  as  that  seen on  the  left.  The 
paracellular  space (arrowheads) is collapsed. However, focally, par- 
ticularly in areas of interdigitation, small expansions of the paracel- 
lular spaces could be noted (asterisk). x  7,400. 
ferent from those of sheets not treated with cytochalasin D. 
Exposure of mucosal sheets bathed with isotonic buffer to 
cytochalasin D had no effect on transepithelial resistance (Fig. 
10) or on mucosal structure as judged by light and electron 
microscopy. 
Cytochalasin B and kinetin, at the doses used, had no effects 
on  the  base-line  resistance of mucosal  sheets  bathed  with 
isotonic  buffer  nor did  they  prevent the  rise  in  resistance 
associated  with  20-min  exposure  to  mucosal  600  mosM. 
Similarly,  cycloheximide at  a  dose  that  inhibits  >90%  of 
protein synthesis by small intestinal epithelial cells (17) had 
no effect on base-line resistance and did not ablate the 600 
mosM-induced resistance rise. However, mucosal exposure to 
zeatin both induced a rise (P <  0.01) in resistance in tissues 
bathed with isotonic solution and reduced (P <  0.01) the rise 
in resistance associated with 600 mosM M exposure (Fig.  11). 
Exposure to  600  mosM  M  at 4"C prevented the  rise in 
resistance (Fig.  12). However, the base-line resistance of mu- 
cosal sheets was substantically higher than that in experiments 
performed at 37"C. This was not due to the low-temperature- 
associated increase in reservoir fluid resistance between the 
two current passing electrodes since we measured and cor- 
rected for fluid resistance in all experiments. Morphologically, 
these tissues still demonstrated reduced cytoplasmic density 
in  ~  10-40% of villus absorptive cells (Fig.  13) and collapse 
MADARA  Changes  in Intestinal Resistance and Junctions  ] 29 FIGURE  6  Electron micrograph of mucosal sheet exposed to 600 mosM mucosal buffer.  Areas with subjunctional evaginations 
(E) also frequently displayed perijunctional ballooning of the apical  membrane with  loss of surface  microvilli  (arrowheads) and 
associated thickening of the terminal web. (TW).  ×  19,500. 
TABLE  I 
Comparison of Absorptive-Cell  Tight-Junction  Strand Counts 
and Depths in Control Sheets versus Those Exposed to 600 
mosM Mucosal  Buffer for 20 min 
Strand  Tight-junc- 
count  n  tion depth  n 
nm 
Control  5.3 _+ 0.1  206  266 _+ 6  210 
600 mosM, mucosa  6.3 --+ 0.2  167  303 _  13  168 
P  <0.005  <0.005 
Hyperosmotically exposed sheets show significant increases in mean depths 
and strand counts. 
at the absorptive-cell-associated paracellular spaces. However, 
subjunctional evaginations of the lateral membrane with as- 
sociated microfilament arrays were not found in these tissues. 
Examination of five freeze-fracture replicas of mucosal sheets 
exposed to  600  mosM  M  for 20  min  at  4"C  showed  focal 
morphologic evidence  of a  phase  transition  on  the  lateral 
membrane (Fig.  14): Intramembrane particles were segregated 
into dense patches with intervening membrane faces devoid 
of  particles. In addition, in no instance were foci of  absorptive- 
cell tight junctions seen that were structurally similar to the 
deep, multistranded  foci of tight junctions observed in  mu- 
cosal sheets exposed to mucosal 600 mosM buffer at 37"C. 
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Effects of Osmotically Induced Resistance Rise on 
Dilution Potentials 
Dilution  of mucosal Na  + and  CI- by  10%  with  isotonic 
mannitol resulted in potential difference increments of + 1.25 
mV (mucosa positive) in control and +0.8 mV in 600 mosM 
pre-exposed mucosal  sheets  (NS).  However,  20%  mucosal 
dilution resulted in +2.5-mV increments in control but only 
+0.8-mV increments in 600 mosM pre-exposed sheets (P < 
0.001;  Fig.  15). At 4"C,  20% mucosal dilution  potentials of 
isotonically bathed sheets were +0.9 mV __ 0.3 mV (n -- 4) 
and  20% mucosal dilution  potentials of 600  mosM pre-ex- 
posed sheets were +0.4 mV ___ 0.3 mV. 
DISCUSSION 
We show that exposure for 20 min of the mucosa of guinea 
pig proximal jejunum to buffers made hyperosmotic by man- 
nitol is accompanied by a substantial increase in transepithe- 
lial  resistance. The magnitude of this resistance response is 
reduced by some agents that interfere with cytoskeletal func- 
tion and is ablated at temperatures with induce, functionally 
(18) and morphologically, liquid-crystalline to gel phase tran- 
sition of the lateral plasma membrane lipids and thus restrict 
the mobility of lateral membrane molecules. In concert with 
the  hyperosmotically induced  resistance  rise,  many  villus o-  ,30-  2oo-  26o- 330- 400- 460- 530- 600- 660- r30- Boo-  B60- 
,30  zoo  zro  330  4o0  46o  sso  6o0  6B0  rs0  BOO  86O  >860 
T/GHT  JUA/CT/OIV  DEPTH, nm 
3o 
~-'~ 2o 
o  ++11 
7'  3  4  5  6  7  8  9  I0  tt 
STRANDS 
J-- 
t2 
FIGURES 7 and 8  Histograms show frequency distribution of absorptive-cell depth measurements (Fig. 7) (left) and strand counts 
(Fig. 8) (right) in control (dotted bars) and 600 mosM mucosa (striped bars) exposed sheets. The increases in the mean values of 
these parameters of tight-junction structure after hyperosmotic mucosal exposure are not due to uniform shifts of tight-junction 
populations. Rather, new subpopulations of tight junctions characterized  by multiple strands and extreme depths account for 
these changes. 
absorptive cells undergo morphological alterations: Both the 
cytoplasmic electron density and affinity for toluidine blue 
decrease in a subpopulation of absorptive cells; subjunctional 
cytoplasmic protrusions  associated  with  plaques  of micro- 
filaments form; apical membranes often lose parajunctional 
microvilli and become convex; and tight junctions show focal 
changes in structure characterized by greater depth and strand 
count. However, cells other than absorptive cells were struc- 
turally unaffected. As noted previously in rabbit gallbladder 
(1, 2), hyperosmotic mucosal exposure resulted in a collapse 
of intestinal epithelial paracellular spaces. However, we noted 
no apparent difference in the degree of collapse between those 
osmotically challenged tissues that  were  exposed to  agents 
that inhibited the rise in resistance and those that were not. 
Mucosal osmotic loads not only increase jejunal transepithe- 
lial resistance and alter tight-junction structure but also cause 
a  change  in junctional  charge  selectivity, as  assessed  with 
dilution potentials. 
Structural Site of Increased Transepithelial 
Resistance Induced by Mucosal 
Hyperosmotic Loads 
Since,  in  buffer solutions,  electrical current  is carried by 
ions, transepithelial electrical resistance is viewed as resistance 
to the passive flow of ions. The two major pathways for such 
flow are (a) through the apical and basolateral membranes in 
series (transcellular) and (b) through the paracellular space. 
However, the  resistance of biological membranes in  series, 
although somewhat variable, is usually relatively high, often 
>1,000 f~. cm  2 (19-22). Thus, in epithelia of relatively lower 
resistance,  such as the  small intestine,  the  vast majority of 
passive ion flow presumably occurs through the paracellular 
space. Indeed, in rabbit ileum 82% of passive transepithelial 
diffusion of sodium, potassium, and chloride occurs via the 
paracellular pathway (23).  Thus, since paracellular flow may 
account  for most of the  passive ion  flow in  low-resistance 
epithelia and since transcellular resistance is very high, ma- 
nipulations that result in increased transepithelial resistance 
are likely to do so by increasing the resistance of the paracel- 
lular pathway.  The paracellular pathway may also be split 
into two components that may influence resistance: the tight 
junction and the remainder of the paracellular space. Since 
(a) the paracellular flow of tracer molecules is inhibited at the 
site of the tight junction (5-10), (b) tight junction  structure 
generally correlates with  transepithelial  resistance (11,  12), 
and (c) experimental manipulations that alter tight junction 
structure  often affect transepithelial resistance (9,  10), it is 
generally assumed that the tight junction  and not the para- 
cellular  space  is  the  barrier  to  paracellular  flow  of ions. 
However, based on data from studies of osmotic effects on 
another low-resistance epithelium, rabbit gallbladder, it has 
been suggested that paracellular pathway resistance may be 
increased under conditions in which the paracellular space is 
collapsed (1,  2, 24).  Like jejunal epithelium, rabbit gallblad- 
der, shows dose-dependent increases in transepithelial resist- 
ance in the 20-min period following mucosal, but not serosal, 
hypertonic loads (1). The dominant change described in elec- 
tron micrographs of thin sections prepared from gallbladders 
exposed to mucosal osmotic loads was collapse of the lateral 
intercellular spaces. When mucosal bath osmolality was made 
hypertonic with sucrose, unidirectional sucrose flux increased 
in a nonlinear fashion with increasing mucosal sucrose con- 
centrations. Indeed, when 300 mM sucrose was added to the 
mucosal buffer, sucrose permeability actually decreased by 
75% (1).  Likewise, increases in the tonicity of the mucosal, 
but not serosal, buffer decreased bidirectional permeability to 
1,4 butanediol (1).  Thus, these authors suggested that diffu- 
sion along the nonjunctional paraceUular space was rate lim- 
iting under conditions of paracellular space collapse. In sup- 
port of this contention, hydraulic conductivity was shown to 
be asymmetric in this epithelium with less osmotic water flow 
in the serosal-to-mucosal direction (mucosal hypertonic [1 ], 
increased resistance [24])  than in the mucosal-to-serosal di- 
rection (serosal hypertonic [1 ], normal resistance [24]). Such 
data would raise the possibility that the asymmetry of osmotic 
volume flow caused the discrepant transepithelial resistance 
readings in these two states if other parameters of the para- 
cellular pathway, such as tight-junction structure and resistiv- 
ity,  were  unchanged.  If,  however,  tight-junction  resistivity 
were increased with mucosal but not serosal osmotic loading, 
then the associated decrease in serosal-to-mucosal hydraulic 
conductivity might be more logically interpreted as secondary 
to altered junctional conductance. Such an explanation would 
also resolve the difficult problem of apparent asymmetry of 
hydraulic conductivity, which this tissue displays (1).  While 
the increment of resistance change in  response to mucosal 
osmotic loads reported by these authors was highly sensitive 
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ranging from  50  to  300  mM  produced  similar degrees of 
paracellular space collapse (1). Furthermore, although these 
authors  report  no  discernible  difference  in  tight-junction 
structure as analyzed with thin sections,  they do note that the 
plasma membranes of adjacent cells focally produced penta- 
laminar structures reminiscent of tight junctions in areas of 
cytoplasmic evaginations (1). Our study raises  questions re- 
garding the  importance of paracellular space collapse as  a 
major factor in the osmotically induced rise in transepithelial 
resistance,  however. We were able to substantially inhibit the 
osmotically induced rise in transepithelial-resistance in jejunal 
epithelium with cytochalasin D but observed collapse of the 
paracellular space that was comparable with that observed in 
the absence of cytochalasin D. Determinations of paracellular 
space diameter derived from electron microscopic observa- 
tions must be viewed with caution, however, for it is possible 
that commonly used fixation procedures may lead to altera- 
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FIGURE  10  Effect of preincubation with 5 ~g/ml cytochalasin D on 
mucosal  600  mosM-induced  resistance  increase.  Cytochalasin  D 
partially inhibits the  increase in transepithelial resistance. *  =  P < 
0.02, +  =  P <  0.01. Comparisons are between 600 mosM exposed 
tissues  with  and  without  cytochalasin  exposure.  @,  600  mosM 
mucosa, control; II, normal Ringer's, control; A 5 ~g/ml cytochalasin 
D, control; •  5 #g/ml  pretreated cytochalasin  D,  600  mosM mu- 
cosa. 
FIGURE  9  Freeze-fracture replicas of absorptive-cell tight junctions 
(A) Tight junction  from control mucosal sheets displaying uniform 
depth and  composition.  (B  and  C)  Tight junctions  from  mucosal 
sheets exposed to 600  mosM mucosal  buffer for 20 min.  Focally, 
junctional depth and strand counts  (arrowheads) are large.  In ad- 
dition,  the  perijunctional  apical  membranes  (asterisk)  associated 
with  these junctional  areas are  budging and  relatively  devoid  of 
microvilli. Thus, these areas may correspond with electron micro- 
scopic images such as those in Fig. 5. x  70,000. A three-cell junction 
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Effect of the plant cytokinin zeatin on the 600 mosM- 
induced  increase in  transepithelial  resistance of  mucosal  sheets. 
Exposure of mucosal sheets to 1.25 mM zeatin produced resistance 
increments in the absence of osmotic gradients (P <  0.05 at 30 min 
and <0.01  at 40 rain).  However, this concentration of zeatin also 
inhibits  (P <  0.05)  the  600  mosM-induced  rise  in  transepithelial 
resistance. O,  isotonic control; @,  600  mosM  mucosa; F],  1.25  M 
zeatin control; II, 1.25 M  pretreated zeatin, 600 mosM mucosa. 
(3CJ) is present in the center of B, and increases in junction depth 
and strand  count can  be seen extending laterally from  it in  both 
directions. The arrow in the upper right hand corners of these and 
subsequent replicas indicate the direction of platinum shadowing. %  150 
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FIGURE 12  LOW temperature (4"C) ablates the 600-mosM-induced 
rise in  transepithelial resistance.  O,  isotonic control (4"C); •  600 
mosM mucosa (4"C). 
FIGURE 14  Freeze-fracture replica of absorptive-cell P-face lateral 
membrane exposed to 600 mosM mucosal buffer for 20 min at 4°C 
and  subsequently fixed  in  the  chamber. The  lateral membrane 
displays formation of intramembrane-particle-free  zones (F) which 
presumably represent crystallized membrane lipids surrounded by 
particle-rich (R} aisles. This appearance is consistent with fixation 
of tissue in a state of lateral membrane phase transition, x  74,000. 
FIGURE 13  Light  micrograph of  mucosal  sheet exposed to  600 
mosM mucosal buffer for 20 min at 4°C. Although the transepithe- 
lial resistance  did not rise in this sheet,  it still shows many lucent 
absorptive cells (arrowheads) similar to those in sheets exposed at 
37°C. x  250. 
tions in the geometry of cells and the width of paracellular 
spaces (25-26).  Still,  postfixation observations probably re- 
flect, to some degree at least, the natural geometry of paracel- 
lular  spaces.  For  example,  dilated  intercellular  spaces  are 
observed if ileal loops are exposed to conditions that stimulate 
fluid transport before fixation (27). Similarly, observations of 
the size of the paracellular space in living Necturus gallbladder 
epithelium  under various states of fluid  transport correlate 
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FIGURE 15  Effects of 600 
mosM-induced high resist- 
ance  state  on  mucosal 
NaCI dilution potentials. At 
the peak of the resistance 
response,  the  600  mosM 
mucosal bath was reversed 
to  isotonic  buffer.  When 
the  potential  difference 
had  stabilized,  mucosal 
NaCI  was  diluted  by  re- 
moving 10 or 20% of the 
mucosal buffer and replac- 
ing it with isotonic manni- 
tol. The resulting potential 
difference  was  then  read 
when  it  had  again  stabi- 
lized, and  the  result  was 
expressed  as  increment 
from  base-line  potential. 
During the high resistance 
state, 20% dilution poten- 
tials were decreased from 
control values  (P <  0.01). 
Top: 0, 600 mosM; O, con- 
trol.  Bottom:  striped  bars, 
600  mosM;  dotted  bars, 
control. 
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examination of this epithelium (28). 
We show that alterations in the structure of  jejunal absorp- 
tive-cell tight junctions may occur within minutes. However, 
this epithelium does not appear unique in this regard. Excised 
rat ventral prostate epithelium incubated at 37"C displays a 
sixfold expansion of net tight-junction strand length within 5 
min (13). Furthermore, within 10 min of  exposure of Necturus 
gallbladder  epithelium  to  cAMP,  transepithelial  resistance 
begins to increase and peaks within 30-75 min at resistance 
levels ~60% greater than base line (14). Since Necturus gall- 
bladder epithelium is of relatively low resistance (~ 100 ft. 
cm2), increments in resistance wouM most likely reflect in- 
creases in paracellular, not transcellular, resistance.  Indeed, 
microelectrode studies show that apical membrane resistance 
dramatically decreased during this response (14). Moreover, 
no structural alterations in the intercellular space were noted, 
but quantitation of the freeze-fracture appearance of tight- 
junction structure showed significant increases in both tight- 
junction strand count and tight-junction depth (14). 
Potential Cytoskeletal  Influence of Tight- 
Junction Resistance 
The mechanism(s) by which dispartate conditions such as 
elevations of intracellular cAMP in Necturus gallbladder and 
brief mucosal osmotic loads in guinea pig jejunum result in 
similar structural and functional modifications of tight junc- 
tions are  unclear.  However, we  found focal subjunctional 
arrays of microfilaments in animals exposed to mucosal os- 
motic loads.  Furthermore, we produced partial inhibition of 
the osmotically induced increase in transepithelial resistance 
by using cytochalasin D, which inhibits microfilament func- 
tion. Subjunctional microfilament arrays were also noted to 
accompany the cAMP-induced rise in resistance in Necturus 
gallbladder (14) and, although these authors did not study the 
effects of agents that influence cytoskeletal function on the 
resistance response, a subunit of cAMP is known to interact 
with components of the cytoskeleton (29).  It would not be 
surprising if tight-junction structure were influenced by the 
cytoskeleton since cytoskeletal elements appear to associate 
with the lateral membrane, particularly in the zone of the 
junctional complex of intestinal epithelial cells (30). In fact, 
alpha-actinin, a protein commonly found at sites of apparent 
attachment of micro  filaments to plasma membranes (31-34), 
has been localized to the cytoplasmic region adjacent to the 
tight junction  of intestinal  epithelial  cells  (35).  Moreover, 
agents that influence the cytoskeleton also affect paracellular 
resistance in other cell systems.  For example, cytochalasin B 
has been shown to decrease the transepithelial resistance of 
confluent MDCK monolayers (36). Specifically,  this change 
appears to be due to an alteration of paracellular pathway 
resistance, since scanning the monolayer surface with voltage- 
sensitive  microelectrodes after exposure to  cytochalasin B 
reveals a  new population of low-resistance  sites at zones of 
intercellular contact (36). Although agents that influence cy- 
toskeletal function have been shown to produce alterations in 
either transepithelial resistance or tight-junction structure in 
a variety of epithelia (15, 36), the effect of these agents varies 
with dose, tissue, and the specific analogue used. For example, 
while exposure of Necturus gallbladder to 1.5 #m cytochalasin 
B produces increases in transepithelial resistance, higher doses 
decrease resistance (15). Transepithelial resistance of this ep- 
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ithelium also rises after exposure to the plant cytokinins zeatin 
and kinetin, and these changes are accompanied by alterations 
in tight-junction structure (15).  In contrast with the above 
studies, we found no effect of either cytochalasin B and D or 
kinetin on base-line jejunal resistance even though the single 
doses we studied were the same doses that affected resistance 
in Necturus gallbladder. However, zeatin did produce resist- 
ance increments in jejunal  epithelium.  Furthermore, cyto- 
chalasin  D  and  zeatin did inhibit the  osmotically induced 
resistance increase but  produced no obvious alterations in 
absorptive-cell cytoskeletal structure as assessed  by electron 
microscopy. Agents that influence the cytoskeleton may affect 
the movement of  cell surface molecules (37, 38) to which they 
are presumably attached (39);  thus, these agents may exert 
effects on transepithelial resistance by influencing the move- 
ment of  tight-junction subunits within the plasma membrane. 
Similarly, more extensive restriction of the mobility of tight- 
junction subunits could account for our finding that both the 
increase in osmotically induced resistance and the alteration 
in absorptive-cell tight-junction structure could be prevented 
when tissues  were maintained at a  temperature below that 
which induced phase transition of absorptive-cell basolateral 
membranes. Lastly, in view of the proposed logarithmic re- 
lationship  between junctional  resistance  and  strand  count 
(40), it is not surprising that the modest increases in strand 
counts that we found were accompanied by striking increases 
in transepithelial resistance. 
Although one striking morphological effect of mucosal 600 
mosM  loads  was  the  production  of absorptive ceils  with 
electron-lucent cytoplasm, such cells were also  noted after 
600 mosM exposure at 4"C. Furthermore, the perijunctional 
structural alterations noted by electron microscopy of thin 
sections occurred in both lucent and nonlucent cells. Thus, 
the  relationship of this  structural  feature to the  resistance 
response is unclear. Such cells might be produced by pertu- 
bation of the apical membrane with subsequent leak of lu- 
menal solute into the cell cytoplasm. The resulting intracel- 
lular osmotic load could then induce water flow across the 
basolateral membrane into the cell, resulting in cytoplasmic 
clearing and cell swelling. Although we did not measure cell 
volumes, it did appear to us that lucent cells were swollen. 
Epithelial cell swelling  has been reported in  other systems 
under conditions of similar mucosal-to-serosal osmotic gra- 
dients (26). 
Effect of Altered Tight-Junction  Structure on 
Charge Selectivity 
Our findings  suggest that osmotic loads applied to jejunal 
mucosa not only alter absorptive-cell tight-junction structure 
but also alter tight-junction charge selectivity.  Many, but not 
all (41),  epithelial tight junctions, including those of mam- 
malian small intestine (42) and gallbladder (43), and of am- 
phibian urinary bladder (44) and skin (45), are cation selec- 
tive. The degree of  charge selectivity can be assessed in Ussing 
chambers  by  replacing  a  portion  of Na  ÷ and  CI-  in  the 
mucosal bath with equiosmolar portions of molecules with 
high reflection co-efficients. Mucosal-to-serosal gradients of 
Na  ÷ and C1- are thus produced in the absence of osmotic 
gradients.  If these  ions  encounter a  charge-selective tight 
junction while moving down this concentration gradient, a 
transjunctional electrical potential, termed a dilution poten- 
tial, is produced and its size in millivolts reflects the magnitude of the charge selectivity. If the increase in junctional depth 
and strand count that we detect after mucosal hyperosmofic 
exposure resulted from recruitment  of additional  normally 
functioning tight-junction subunits, one might expect cation 
selectivity to  increase  rather  than  decrease.  The  observed 
decrease indicates that either tight-junction cation selectivity 
has decreased or anion selectivity has increased.  Since this 
alteration in charge selectivity is accompanied by an overall 
increase in tissue resistance, it cannot have been caused by an 
increase in anion selectivity alone. Thus the majority of the 
alteration  in  charge selectivity presumably resulted  from a 
decrease  in  the  cation  permeability  of the  tight junction. 
Additionally, it is important to stress that this loss of charge 
selectivity cannot  be attributed  to  nonspecific cell  damage 
resulting in an increase in transcellular flux of all ion species 
regardless of charge. This interpretation would require that 
net transepithelial resistance to passive ion conductance be 
decreased, and we show that resistance is dramatically and 
significantly increased. The cAMP-induced rapid expansion 
of tight junctions seen in Necturus gallbladder is also accom- 
panied by decreases in mucosal dilution potentials (14). Sim- 
ilar alterations in the charge selectivity of  tight junctions might 
account for the fluctuations in transepithelial potential differ- 
ence reported in  rabbit gallbladder exposed to mucosal hy- 
perosmotic loads by Wright et al. (24). Such exposure, which 
initiates flow of ions from serosal to mucosal baths, results in 
immediate increments in transepithelial potential difference 
which subsequently decline. Moreover, the decay in the po- 
tential  temporally parallels the rise in transepithelial resist- 
ance, both having a half-life of ~  l0 min (24).  Lastly, as the 
rate of the initial rise of transepithelial resistance is increased 
by increasing the osmotic gradient, the rate of potential dif- 
ference decay is  similarly accelerated (24).  Although  these 
data were interpreted as possibly reflecting a  rapid, osmoti- 
cally produced, fluctuation in the depth of serosal unstirred 
layers, these fluctuations might alternatively be interpreted as 
reflecting a rapid decrease in net tight-junction charge selec- 
tivity, an  interpretation  that would  be consistent with  our 
findings in jejunal epithelium and with those of Duffy et al. 
in cAMP-stimulated Necturus gallbladder (14).  However, we 
also found that while 4"C ablated the 600 mosM resistance 
rise it did not totally prevent the decrease in the size of the 
20%  dilution  potentials.  Thus,  the  alteration  of junctional 
charge  selectivity does  not  appear to  depend  fully  on  the 
recruitment of new junctional subunits and may depend on 
other factors such as conformational changes within the tight- 
junction subunits. We also found that, at 4"C, dilution poten- 
tials were less than those at 37"C even in the absence of any 
osmotic gradient. Perhaps, subtle conformational changes in 
the tight junction resulting in altered charge selectivity might 
occur in the presence of gel phase lipids.  That such confor- 
mational changes might occur in junctional subunits under 
conditions of membrane phase transition would not be sur- 
prising since both lateral and vertical displacement of integral 
membrane proteins occur during lipid phase transitions  in 
other plasma membranes (46). 
Conclusions and Their Potential 
Physiological Importance 
We  conclude  that  the  progressive rise,  over 20  min,  in 
proximal  jejunal transepithelial resistance induced by mucosal 
hyperosmotic loads may be attributable primarily to accom- 
panying  changes  in  fight-junction  structure  that  result  in 
increased transjunctional resistance. Furthermore, this mod- 
ulation in tight-junction structure may be controlled by ele- 
ments of the cytoskeleton and is accompanied by alterations 
in tight-juncfional charge selectivity. Thus, alterations in the 
mucosal environment may potentially modulate the perme- 
ability characteristics of the paracellular shunt pathway. Such 
alterations in jejunal  absorptive-cell tight-junction structure 
associated with transient mucosal osmotic loads may influ- 
ence normal function of the small intestine. In humans given 
osmotically  rich  meals,  hyperosmotic gastric  contents  are 
intermittently discharged into  the  proximal small  intestine 
(47).  We speculate that transient increases in transepithelial 
resistance in response to these brief hyperosmofic loads could 
serve as a protective mechanism that regulates the rate of fluid 
flux from the lamina propria into the lumen. Secondly, de- 
creases in net tight-junction charge selectivity would permit 
transepithelial transfer of water from the lamina propria to 
the lumen without necessitating development of large trans- 
epithelial charge gradients that  might otherwise occur as a 
consequence of  solvent drag. Lastly, if  alterations in net charge 
selectivity reflect a decrease in cation permeability, such al- 
terations could aid in protecting the lamina propria from back 
fluxes of the H + which accompanies osmotic loads of gastric 
origin. 
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